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Open access under the ElsevieIn this work, a method for the determination of phosphorus in biodiesel (B100) using ﬂow injection anal-
ysis with spectrophotometric detection (FIA-SD) is described. Samples were digested using an acid mix-
ture in a heating block. The phosphorus concentrations obtained by the (FIA-SD) method were similar to
those obtained by the ofﬁcial method. Recovery tests show results between 98.6% and 101.0% for biodie-
sel produced from sunﬂower and between 102.1% and 113.5% for biodiesel produced from castor and soy-
beans. The limits of detection (LOD) and quantiﬁcation (LOQ) obtained using the FIA system were
0.14 mg L1 and 0.46 mg L1, respectively.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction particulate materials [6]. The concentration of phosphorus in bio-The growing importance of biodiesel fuel has encouraged the
development of fast, reliable, and low cost analytical methods to
characterize and monitor the fuel quality [1]. In Brazil, the speciﬁ-
cations for quality control of biodiesel have been developed and
controlled by the National Petroleum, Natural Gas and Biofuel
Agency (ANP). For pure biodiesel (B100), ANP published Resolution
07/2008 [2], which regulates the speciﬁcations and standards tests
to monitor biodiesel quality. Standards ASTM 6751 [3] and EN
14214 [4] also specify the limits and methods to be used in biodie-
sel quality control.
Biodiesel is usually obtained through a transesteriﬁcation reac-
tion of vegetable oils or animal fats with short-chain alcohols in
the presence of catalysts, such as sodium hydroxide or potassium.
The ﬁnal product may contain undesired metals which lead to for-
mation of insoluble soap and solid materials in automobile engines
[5]. The raw material can also inﬂuence the presence of inorganic
contaminants, including phosphorus, present as phospholipids
[6]. Although present in low concentrations, phosphorus affects
the catalytic conversion in the exhaust system of diesel engines
and increases the generation of pollutant gases such as carbon
monoxide and carbon dioxide, sulfur dioxide, hydrocarbons, and: +55 81 21268442.
@ufpe.br (A.P.S. Paim).
r OA license.diesel depends mainly on the process of reﬁning the oil or fat used
as raw material. The more reﬁned the oil, the lower will be the
presence of this element. Unreﬁned oil may have phosphorus con-
centrations above 100 mg kg1 [7,8].
The determination of phosphorus in biodiesel is usually per-
formed via optical emission spectrometry with inductively coupled
plasma (ICP OES), as recommended by the standards EN 14214 [4],
ASTM D6751 [3] and ANP resolution 07/08 [2] using the procedure
described in standards EN 14107 [9] and ASTM 4951 [10]. The
maximum concentration of phosphorus in biodiesel cited by the
three standards is 10 mg kg1 [6]. The reference methods recom-
mend dissolving the biodiesel sample in xylene or kerosene. The
use of these organic solvents, however, requires special attention
because of their toxicity. Another disadvantage is the difﬁculty of
the ﬂow of the sample transport to the plasma, which can result
in poor stability of the plasma in the ICP OES. Alternative method-
ologies are being developed to determine trace elements such as
phosphorus [5,7,11] in response to these disadvantages. The deter-
mination of Na and K in biodiesel by ﬂame AAS using microemul-
sion of water in oil has been proposed by Jesus et al. [5]. And a
procedure for the determination of Ca, P, Mg, K and Na in biodiesel
from soybeans, canola, cotton and animal fat by ICP OES, using eth-
anol as solvent, has been reported by Curtius et al. [11].
Flow injection analysis (FIA) has been used for the determina-
tion of phosphorus in different matrices [12,13]. This technique
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saving samples and reagents and therefore contributing to a clean
chemistry. The FIA systems can be easily linked to different detec-
tion techniques, due to their simplicity and versatility [13,14]. A re-
view of phosphorus determination using ﬂow injection analysis
has been described by Motomizu and Li [15]. Many of the methods
mentioned in his article are based mainly on the reaction of ortho-
phosphate with molybdate to form acids such as yellow or blue
molybdenum. Other methods also mentioned are based on the for-
mation of secondary reactions of ions associated with cation aggre-
gates. The efﬁciency of detection methods as well as ﬁgures of
merit are also discussed.
The standard method for determining phosphorus in water
samples involves the formation of molybdenum blue [16]. This
method is based in the reaction of ammonium molybdate and
potassium and antimony tartrate ion with orthophosphate (PO34 )
to form phosphomolybdic acid (yellow). This acid is reduced by
ascorbic acid to form the molybdenum blue complex, which ab-
sorbs radiation at 882 nm.
This present work describes a new method using a FIA system
with UV detection to determine phosphorus in biodiesel after a
digestion procedure. Two digestion procedures (heating block
and microwave oven) were evaluated using ICP OES in order to
choose the best strategy for sample preparation. The results ob-
tained by ICP OES were compared with those obtained with FIA-
SD using the selected digestion method. The ﬂow system offers a
number of advantages over the ofﬁcial method, such as low cost
of acquisition and operation, easy operation and maintenance,
waste reduction, high precision and analytical throughput in
obtaining results.2. Experimental
The determination of phosphorus in biodiesel using a ﬂow sys-
tem and spectrophotometric detection requires a pre treatment of
the samples. For this purpose, two systems for sample digestion
were evaluated: the heating block and microwave oven. The efﬁ-
ciency of digestion was veriﬁed by the carbon residue and the acid-
ity of the samples after digestion had been investigated.2.1. Reagents and solutions
All solutions were prepared from analytical reagent grade
chemicals using ultrapure water (18 MX cm1) obtained by means
of a Milli-Q (Millipore, USA) water puriﬁcation system.
A solution of HNO3 (10%) was used to clean the bottles. A
340 mmol L1 solution of ascorbic acid (C6H8O6) was prepared by
weighing 6 g of ascorbic acid (Merck) and dissolving in 100 mL of
distilled water. A 5.4 mol L1 sulfuric acid solution was prepared
by transferring an aliquot of 30 mL of concentrated H2SO4 (Merck)
in 100 mL of water.
For the preparation of the stock solution of 32 mmol L1 ammo-
nium molybdate (QM), 20 g of salt were weighed and dissolved in
400 mL of water. After agitating for 4 h, the solution was trans-
ferred to a 500 mL volumetric ﬂask and the volume was completed
with water.
The stock solution of 9 mmol L1 potassium tartrate and anti-
mony (Vetec) was prepared by weighing 3.0 g of potassium tar-
trate and antimony and dissolving them in distilled water. The
solution was then transferred to a volumetric ﬂask of 1000 mL
and the volume completed with distilled water. This solution
was stored in amber glass bottles under refrigeration.
The reagent solution was prepared by mixing 35 mL of concen-
trated sulfuric acid in 500 mL of water, then adding 215 mL of
stock solution of 0.032 mol L1 ammonium molybdate and 72 mLof 9 mmol L1 potassium tartrate and antimony. The mixture was
transferred to a 1000 mL ﬂask and the volume completed with
water.Nitric acid (HNO3) 65%, sulfuric acid (H2SO4) PA and hydro-
gen peroxide (H2O2) 30% (w/v), all from Merck, were used for the
sample digestion.
Standard inorganic phosphorus 1000 mg L1 (SPECSOL, Quim-
lab) was diluted appropriately to prepare working standard solu-
tions ranging from 1 to 10 mg L1 of phosphorus. These solutions
were prepared by mixing the standard solution with the acids
(H2SO4 + HNO3 + H2O2) and were used for plotting the analytical
curve in the FIA system.
2.2. Samples
In this work, biodiesel samples were used from the following
feedstocks: oilseeds, sunﬂower, canola, castor (methylic and eth-
ylic), cotton (methylic and ethylic), soybeans, myrtle and a mixture
of castor and cotton. These samples were previously prepared
using alkaline catalyzer sodium hydroxide (NaOH).
2.3. Instrumentation
For the biodiesel digestion procedure, a heating block (model
TE-040/25, TECNAL) and a microwave oven (model Ethos EZ Mile-
stone, Sorisole, Italy) with cavity capacity for eight Perﬂuoroalkoxy
Teﬂon bottles), equipped with temperature sensor were used. The
ﬂow system was based on: a proportional injector made in acrylic;
polypropylene tubes, each with internal diameter of 0.8 mm; a
IPC4 Ismatec peristaltic pump furnished with Tygon pumping
tube; two T-type joint devices machined in acrylic; a thermostatic
bath (Tecnal, model TE 184); spectrophotometer (Femto, model
700) equipped with a ﬂow cell (ca. 180 lL) with optical path of
10 mm. The signals were monitored on the computer screen
through an interface that stored the data and converted the analog
signals from the spectrophotometer.
2.4. Digestion procedures
Biodiesel samples (1 g) were digested in a solution prepared
with 10.0 mL nitric acid 65%, 2.0 mL sulfuric acid PA and 6.0 mL
of 30% hydrogen peroxide. The digestion process was gradually
carried out on a heating block for 3 h. Water was used to dilute
the digest to 10 mL. Similarly, about 0.25 g of biodiesel was added
to 7 mL of concentrated nitric acid (HNO3) and 1 mL of hydrogen
peroxide (H2O2) for digestion in the microwave for 25 min. In this
case, the volume of the digest was diluted to 25 mL with water.
Residual carbon was determined according to conditions previ-
ously established [7]. The acidity of the samples was evaluated by
an acid–basic titration of the digested sample using sodium
hydroxide solution (0.09972 mol L1) and phenolphthalein (1.0%
in ethanol) as the indicator.
Before the measurements were made in the FIA-SD, a sufﬁcient
quantity of sodium hydroxide 30% NaOH (w/v) was added to neu-
tralize 2 mL of the sample, similar to the methodology used by Oli-
veira et al. [17]. The volume of NaOH needed for each sample
varied, being determined by using a burette and phenolphthalein
as an indicator. This addition was needed due to the high acidity
of the digested sample, which prevented the formation of the
molybdenum blue complex.
2.5. FIA system
The diagram of the ﬂow system is shown in Fig. 1. In the posi-
tion shown in Fig. 1, (sampling) the sampling loop (L) is completed
by the sample (A), which is in a position to collect waste (D). The
carrier (T) ﬂows along with the reagents (R1 and R2, ammonium
Fig. 1. Diagram of the ﬂow analysis system to determine phosphorus. A: sample
solution; L: sampling loop, 10 cm (50 lL); x: conﬂuence; T: carrier solution, H2O;
R1: solution of ammonium molybdate with potassium tartrate and antimony; R2:
ascorbic acid; D: water bath at 37 C; B1: reaction coil, 0.8 mm i.d., 150 cm; B2:
reaction coil, 0.8 mm i.d., 200 cm; k: detector, 880 nm; D and W: waste to be
treated. The numbers in parentheses indicate the pump ﬂow in mL min1 [18].
Table 1
Optimized instrumental conditions for phosphorus ICP OES determination in digested
biodiesel samples.
Radio-frequency generator (MHz) 40
Incident power (kW) 1.2 ou 1.3
Plasma gas ﬂow (L min1) 15.0
Auxiliary gas ﬂow (L min1) 1.5
Flow gas nebulization (L min1) 0.9
Integration time of the signal (s) 10
Nebulization chamber V-groove
Nebulizer Sturman–master
Chosen spectral line (nm) P (I) 177.434 Ya (II) 371.029
a Internal standard.
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acid, respectively) after being homogenized in a 150 cm reaction
coil (B1). This mixture passes through the heating bath (D) and
goes to the spectrophotometer (k) for absorbance measurement.
Then the mixture goes to the waste (W). When the position of
the injector is changed (injection) the selected volume of the sam-
ple is introduced into the analytical course, transported by water
resulting in a sample zone. The sample and the reagents are trans-
ported to the bath (coil of 200 cm) where the reaction occurs and
then goes to the spectrophotometer where the signal is measured.
After reading the signal, the injector returns to the starting position
and the loop is completed with a new sample. When the analysis is
concluded, the system is washed by pumping water to all tubes for
5 min. Then, air is pumped into dry the tubes.2.6. Analysis by ICP OES
In order to validate the method proposed in this work, since
there are no certiﬁed reference biodiesel samples, the samples
were also analyzed by ICP OES, following the methodology de-
scribed by Korn et al. [7]. The phosphorus content was determined
by ICP OES in nine samples of previously digested biodiesel. All
samples and reference solutions were prepared in nitric/sulfuric
acid (4.5 mol L1/2.5 mol L1, respectively) using yttrium (Y) as
internal standard. This internal standard was employed to correct
any matrix effects of sulfuric acid on the nebulization and to avoid
the decrease of the signal due to the viscosity and surface tension
of the acid. The ﬁnal concentration of yttrium was 1 mg L1. The
experimental conditions used in ICP OES are presented in Table 1.3. Results and discussion
3.1. Evaluation of the digestion procedures
The performances of digestion procedures for the biodiesel
samples using open conventional heating and the cavity micro-
wave were compared. The acidity of the digested samples resulted
in 2.2 mol L1 H2SO4 for the heating block and 4.0 mol L1 HNO3
for the microwave oven. Although, more acid was added for the
heating block digestion procedure, it is observed that a higher acid-
ity was found in the microwave digestion procedure. The digestion
procedure in the microwave oven obtained a high residual acidity
owing to the residual HNO3 and the impossibility of making a
greater dilution of the ﬁnal digest. The acidity is an important
parameter because it can affect the results [7]. A lower acidity is
preferable because it would help in the sample alkalinization pro-
cess for measurements in the FIA system using spectrophotometricdetection (FIA-SD). In addition, the pH difference between the sam-
ple and carrier solution could cause the Schlieren effect generating
disturbances caused by difference of the refractive index, affecting
the precision and accuracy of the measurement. Therefore, as pre-
viously mentioned, sodium hydroxide was added in a quantity suf-
ﬁcient to neutralize 2 mL of the sample before the measurements
in the FIA-SD were performed.
The carbon residues measured were 0.16 ± 0.08% for the digest
using the heating block and 0.79 ± 0.08% for the digest using micro-
wave oven. The lower content was related to the heating block pro-
cedure, implying that the digestion process was more efﬁcient in
that case, which may be related to the use of higher temperatures
with the addition of H2SO4, allowing a greater destruction of the
organic material [7].
The values of the limits of detection (LOD) and quantiﬁcation
(LOQ) for the determination of phosphorus by ICP OES using solu-
tions blank samples digested in block were 0.22 lg g1 and
0.78 lg g1, respectively. The LOD value of 0.40 lg g1 and LOQ
of 1.22 lg g1 were achieved for solutions of blank samples di-
gested in the microwave oven.
The results for phosphorus concentration by ICP OES obtained
for the nine samples after digestion are shown in Fig. 2. The phos-
phorus concentration in digested samples using both digestion
procedures did not differ signiﬁcantly at a 95% level of conﬁdence
(t-paired test). According to regulatory speciﬁcations, the maxi-
mum phosphorus content allowed in biodiesel is 10 mg kg1 [2].
In this study, samples of both canola and cotton showed phospho-
rus concentrations above the speciﬁcations permitted by
legislation.
According to the results, the heating block would be the method
of choice for the digestion of biodiesel samples. Beside the advan-
tages mentioned above, the equipment is cheaper than the
microwave.
3.2. FIA-SD performance
The performance of the ﬂow analysis system (FIA-SD) for phos-
phorus determination in real samples was evaluated in biodiesel
samples from canola, sunﬂower and cotton oil obtained by ethylic
and methylic routes. The samples were prepared, digested in heat-
ing block, and analyzed. The results were assayed using both the
FIA-SD procedure and the ICP OES method. The results are pre-
sented in Table 2. Using a t-paired test, the critical t value of
3.18, obtained at a 95% conﬁdence level and 3 degrees of freedom,
is higher than the t value calculated of 1.47, indicating that both
procedures provide statistically comparable results.
To evaluate the accuracy of the methodology, two samples of
biodiesel (canola and cotton) were again prepared, and the phos-
phorus concentration determined by ICP OES using the ofﬁcial
method ASTM 4951 and EN 14107 (without digestion, dissolved
in kerosene). The same samples were digested in the heating block
and had their concentrations determined using the FIA-SD method
Fig. 2. Phosphorus concentration obtained in the biodiesel samples digested in the heating block and in the microwave cavity using ICP OES.
Table 2
Phosphorus concentration (mg kg1) obtained in biodiesel samples digested in a
heating block using the ﬂow system procedure and ICP OES method.
Biodiesel FIA–SD (mg kg1) ICP OES (mg kg1)
Sunﬂower 10.3 ± 0.7 10.7 ± 1.1
Canola 13.1 ± 0.6 12.7 ± 3.7
Cotton (methylic) 19.2 ± 0.1 15.1 ± 2.7
Cotton (ethylic) 12.7 ± 0.2 11.0 ± 0.5
Table 4
Comparison among ICP OES and FIA-SD to determination of phosphorus in biodiesel
samples.
Parameters ICP OES FIA-SD
Analytical frequency
(determinations h1)
60 100
Reagent consumption 10 mL diluent/
determination
1 mL reagent/
determination
Waste volume
(mL determination1) 8 2.2
Sample (g) 1.00 1.00
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concentrations obtained were 4.3 ± 0.2 mg kg1 using the ofﬁcial
method and 4.8 ± 0.3 mg kg1 for the FIA-SD. In the case of biodie-
sel from cotton, the values were 5.1 ± 0.6 and 5.8 ± 0.2 mg kg1,
respectively. The values for the samples analyzed, therefore, were
consistent and the phosphorus content was under 10 mg kg1,
which is the amount allowed by ANP Brazilian Agency [2].
Recovery tests were also performed and in this case, three other
samples (biodiesel from castor, sunﬂower, and soybean) were
used. The volume of 1 mL stock solution with known phosphorus
concentrations of 30, 50 and 70 mg kg1 P was added to 9 mL of
the biodiesel samples (3.0, 5.0 and 7.0 mg kg1 of P were added
to each sample), for measurement using the FIA-SD system. The
recovery values obtained are shown in Table 3.
As can be seen in Table 3, the recoveries obtained for each of the
samples was within the 98.6–114.8% range, which is considered
acceptable for this type of sample. Recovery tests were also per-
formed in a soya sample using ICP OES; in this case, the concentra-
tions added were 2.0 and 4.0 mg kg1. The results showed
recoveries of 114.70 ± 0.81% and 108.60 ± 0.55%, respectively,
which are similar to those obtained when the FIA-SD method
was employed.
The calibration curve was obtained for standard solutions in the
range of 1–10 mg L1 P. The resulting equation was:
Abs = (0.018 ± 0.010) + (0.050 ± 0.002) C with a correlation coefﬁ-
cient of 0.9977. The coefﬁcient of variation, under repeatabilityTable 3
Recoveries of P in biodiesel samples.
Recovery%
Biodiesel 3.0 (mg kg1) 5.0 (mg kg1) 7.0 (mg kg1)
Sunﬂower 101.0 ± 0.5 98.6 ± 0.5 99.2 ± 0.7
Castor 110.4 ± 2.1 102.1 ± 1.2 104.7 ± 0.5
Soya 114.8 ± 1.5 103.1 ± 1.2 113.5 ± 0.7conditions, was 2.2% (6 degrees of freedom). The estimated LOD
was 0.14 mg L1 and LOQ was 0.46 mg L1. The LOD and LOQ were
estimated using the equations: LOD = 3 sb/S, and LOQ = 10 sb/S,
respectively, where S is the slope and sb is the blank solution stan-
dard deviation (nb = 10).
A comparison among FIA-SD and the ofﬁcial method, BS EN
14107 (ICP OES using xylene as a diluent) to determine phosphorus
in the biodiesel samples is shown in Table 4. For the FIA-SD meth-
od the samples were previously digested using the heating block.
As can be seen in Table 4, the FIA-SD, although requiring a pre-
vious digestion step, has the following advantages: it is easy to
operate and simpler than the ICP OES method; it requires relatively
low cost instruments; it uses a smaller amount of reagent and thus
produces less wastewater; it does not use toxic reagents nor high
cost gases (argon in the ICP OES Ofﬁcial method); and, ﬁnally, it
has a high analytical throughput.4. Conclusion
The FIA-SD method proposed in this work was efﬁcient in the
determination of phosphorus concentration in samples of biodiesel
produced from different feedstocks, using previously-digested
samples. This method is advantageous when compared to the ofﬁ-
cial method because it is fast, uses small quantities of samples,
therefore generating less waste, uses no solvents and especially
can be provided at a lower cost.Acknowledgments
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